ABSTRACT: The formation of signal-promoting dimeric or oligomeric receptor complexes at the cell surface is modulated by self-interaction of their transmembrane (TM) domains. To address the importance of TM domain packing density for receptor functionality, we examined a set of asparagine mutants in the TM domain of the erythropoietin receptor (EpoR). We identified EpoR-T242N as a receptor variant that is present at the cell surface similar to wild-type EpoR but lacks visible localization in vesicle-like structures and is impaired in efficient activation of specific signaling cascades. Analysis by a molecular modeling approach indicated an increased interhelical distance for the EpoR-T242N TM dimer. By employing the model, we designed additional mutants with increased or decreased packing volume and confirmed a correlation between packing volume and biological responsiveness. These results propose that the packing density of the TM domain provides a novel layer for fine-tuned regulation of signal transduction and cellular decisions.
Key mediators of cellular communication are cell surface receptors that bind extracellular ligands and trigger the activation of complex intracellular signaling networks. The transmembrane (TM) 1 domain not only anchors cell surface receptors in the plasma membrane but orientation and selfinteraction of the TM domain critically modulate the initiation of signal transduction (1) . Receptor activating mutations of the TM domain have been reported for receptor tyrosine kinases (2, 3) as well as cytokine receptors (4, 5) and have been linked to disease progression (6) . Cytokine receptors are single membrane-spanning proteins, and recent studies demonstrated the existence of preformed homodimers in the absence of ligand for receptors such as the erythropoietin receptor (EpoR) (7), the growth hormone receptor (8) , and the leptin receptor (9) . The EpoR is a prototype cytokine receptor and key regulator of erythropoiesis (10) . It has been reported that self-assembly of the EpoR TM domain critically promotes receptor activation in response to ligand binding (11, 12) .
Molecular modeling approaches performed in vacuum have been used to obtain information about the interhelical interfaces of TM dimers of the receptor tyrosine kinase ErbB2 (13, 14) as well as the EpoR (15) . However, to elucidate the interaction of the TM domain with the surrounding lipids as well as the packing density of helix-helix pairs requires a modeling approach taking into account the membranous context. A molecular model distinguishing between the solvent, headgroup, and core regions of a membrane has been successfully applied to reproduce the experimentally determined tilt angle of glycophorin A (16) . Therefore, such an approach could be very useful to provide essential structural information on the EpoR TM dimers. Deregulation of EpoR signaling may result in erythroleukemia or more frequently anemia, thus requiring specific intervention. To access the TM domain of the EpoR by a rational design of therapeutic components in analogy to the study of integrins (17) , a deeper understanding of structural and mechanistic characteristics of TM helices is required due to the versatile effects of the TM domain on receptor signaling.
Facilitated by the TM domain, the EpoR undergoes a conformational switch upon ligand binding, which subsequently leads to activation of the receptor-associated cytoplasmic Janus kinase JAK2 (18) . Activated JAK2 phosphorylates tyrosine residues within the EpoR cytoplasmic domain that serve as docking sites for signal-transducing molecules, triggering downstream signaling cascades including the signal transducer and activator of transcription STAT5 and the mitogen-activated protein kinase (MAPK) as well as the phosphatidylinositol 3-kinase (PI3K) pathway (19) . Even though signal transduction through the EpoR has been studied in detail, it remains unresolved if specific properties of the TM domain interaction permit selective amplification of specific signaling cascades and thereby fine-tuning of biological responses.
In this study, we show by combining a molecular modeling approach in an implicit membrane environment with functional studies that high packing density of the EpoR TM domain correlates with an intracellular detection in vesiclelike structures and amplification of selective signaling pathways as well as biological responsiveness.
MATERIALS AND METHODS
Cells. Phoenix eco and BaF3 cells were cultured as described (20) . NIH3T3 cells were cultured in DMEM supplemented with 10% calf serum (Invitrogen). Fetal liver cells from Balb/c EpoR -/-mice (provided by H. Wu, University of California, Los Angeles) were prepared from d12.5 embryos. Transfections were performed by calcium phosphate precipitation as described (20) . Transducing supernatants were generated 24 h after transfection, supplemented with 8 µg/mL Polybrene. BaF3 cells expressing EpoR variants were selected in 1.5 µg/mL puromycin 48 h after transduction. NIH3T3 cells were selected in 3 µg/mL puromycin 24 h after transduction, and cells expressing Rab proteins were additionally selected in 400 µg/mL G418.
Plasmids. Retroviral expression vectors were pMOWSpuro or pMOWS-neo (20) . For details on cloning refer to the Supporting Information.
Flow Cytometry. To analyze cell surface expression, BaF3 cells expressing HA-tagged EpoR-GFP chimeric proteins were stained as described (21) and analyzed by flow cytometry using a FACSCalibur (Becton Dickinson). Live cells were gated by forward and side scatter, and the mean fluorescence intensity (MFI) is given as the percentage of MFI of wild-type EpoR. To analyze apoptosis, BaF3 cells expressing HA-tagged wild-type EpoR or EpoR-T242N were washed with RPMI 1640, seeded at a density of 4 × 10 4 cells/mL, and grown in 1 unit/mL Epo (Janssen-Cilag). Cells were counted 24, 48, and 72 h later, and 3 × 10 5 cells were stained with annexin V-PE and 7-AAD and analyzed using a FACSCalibur. Annexin V-PE positive and 7-AAD negative cells were regarded as apoptotic cells. Cells grown in RPMI 1640 without Epo or in medium supplemented with 5% WEHI supernatant as a source of IL-3 were taken as control.
Fluorescence Microscopy. NIH3T3 cells were subcultivated on chambered coverglass (Nalge Nunc). Analysis of GFP-tagged wild-type HA-EpoR and HA-EpoR mutants was performed on a Nikon Eclipse TE2000 inverted microscope with a Perkin-Elmer UltraView ERS spinning disk confocal unit on a heated stage (37°C) and a Nikon Plan Apo 60×/ 1.2 WI objective. Images were acquired with a Hamamatsu EM-CCD camera and UltraView ERS Imaging Suite software. Adjustments of brightness and contrast were performed using Adobe Photoshop 7.0.
Metabolic Labeling. BaF3 cells expressing HA-tagged wild-type EpoR or EpoR-T242N were washed with cysteineand methionine-free RPMI (Invitrogen) and preincubated for 45 min at 37°C in Cys/Met-free RPMI including 10% dialyzed FCS (Invitrogen). Labeling was performed with 0. Proliferation Assay. Proliferation assays of BaF3 cells stably expressing GFP-tagged wild-type HA-EpoR or HAEpoR TM domain mutants were performed as described (22) . Results are expressed as cell number/mL.
CFU-E Colony Assay. CFU-Es derived from d12.5 EpoR -/-embryos were transduced with diluted supernatants, plated in 0.8% methylcellulose (StemCell Technologies) supplemented with 4 units/mL Epo (Janssen-Cilag) and 20 ng/mL SCF (R&D Systems), and stained with 0.04% benzidine after 2 days.
Immunoprecipitation and Immunoblotting. BaF3 (1 × 10 7 ) cells were starved in RPMI 1640 with 1 mg/mL BSA for 3 h, stimulated with Epo (Janssen-Cilag) for 10 min at 37°C
, and lysed with NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 20 mM Tris, pH 7.4, 10 mM NaF, 1 mM EDTA, pH 8.0, 1 mM ZnCl 2 , pH 4.0, 1 mM MgCl 2 , 1 mM Na 3 VO 4 , 10% glycerol) supplemented with aprotinin and AEBSF. Immunoprecipitates were performed using anti-EpoR (Santa Cruz, M-20), anti-JAK2 (Upstate), or anti-STAT5 (Santa Cruz, C-17) antibodies, separated by 10% SDS-PAGE, and transferred to a nitrocellulose membrane. For analysis of ERK1/2 and Akt/PKB, 100 µg of cellular lysates were separated by 15% SDS-PAGE and transferred to a PVDF membrane. Analysis of immunoblots was performed using anti-phosphotyrosine clone 4G10 (Upstate), anti-phosphoAkt (Ser 473) (Cell Signaling Technology), or anti-phospho-ERK1/2 (Thr 202/ Tyr 204) (Cell Signaling Technology) antibodies. To remove antibodies for analysis of total protein, membranes were treated with SDS and -mercaptoethanol (23) and incubated with anti-EpoR, anti-JAK2, anti-STAT5, anti-ERK1/2 (Cell Signaling Technology), or anti-Akt (Cell Signaling Technology) antibodies. Secondary antibodies were anti-mouse (for phosphorylated immunoprecipitated proteins) or anti-rabbit antibodies (for cellular lysates) or protein A (for total immunoprecipitated proteins) coupled to horseradish peroxidase (GE Healthcare). Detection was performed with enhanced chemiluminescence (GE Healthcare) and a charge-coupled device camera using the LumiImager (Roche). Immunoblots were quantified with LumiAnalyst 3.1 software. Relative values were scaled to 1 and plotted as arbitrary units. For time course analysis, a smoothing spline was plotted through the mean of three independent data sets. For dosedependence analysis, a sigmoidal plot was fitted to five independent data sets (pSTAT5) or three data sets (pERK1, pAkt/PKB).
All-Atom Structures of the EpoR TM Dimer Modeled in a Membrane EnVironment. The most probable structure of a transmembrane dimer is that with the lowest solvation energy, ∆G solv , defined as the free energy change for transferring the molecule from vacuum to its position in the membrane (24) . The solvation energy was calculated using an all-atom model for the EpoR transmembrane dimer together with the Poisson-Boltzmann equation for the electrostatic solvation energy and a term representing the cost of cavity formation in the aqueous solvent as described (16) . A five-slab continuum dielectric model that distinguishes between the solvent, headgroup, and core regions was used to describe the membrane environment. For a dimer in the membrane, the structure was described by four parameters: the interhelical distance d, the crossover angle θ, the membrane insertion ν, and helix rotation r. d is defined as the minimum distance between the two helix axes and θ the angle between them. ν is the distance of the center of mass of each helix from the center of the membrane. r is the angle of rotation of each helix about its axis. The transmembrane segment of EpoR (LILTLSLILVLISLLLTV LALLS) was modeled as an ideal R-helix with ψ ) -47°a nd φ ) -57° (25) . Values were assigned to d, θ, ν, and r systematically so as to sample the relevant conformational space of the homodimer. The side chains were positioned using the software SCWRL (26) (version 3.0), which determines the most probable rotameric conformations from a backbone-dependent rotamer library by an algorithm-based graph theory. The dimers were energy-minimized in a dielectric medium of ε ) 2 using the CHARMM potential (27) (version 30b1) with 1000 steps of steepest descent followed by 1000 steps of Newton-Raphson minimization with 1 kcal/mol harmonic constraints on the backbone atoms. The structures were then introduced in the five-slab membrane model and scored based on the value of the solvation energy. The volume of a dimer was calculated as the volume defined by rolling a sphere of radius 2.2 Å on the molecular surface to fill all cavities in the dimer interface. The lowest energy conformers along with the conformers with energies accessible at 300 K (K B T) were chosen. The free energy of dimerization of the dimer conformations was negative in all cases, implying that the EpoR dimers do indeed form.
RESULTS

Mutations in the EpoR TM Domain Affect Cell Surface
Expression and Detection in Vesicular Structures. To address the effect of enhanced self-interaction of the TM domain for EpoR signaling, we examined seven asparagine TM domain mutants, L234N, V235N, I237N, S238N, L241N, T242N, and A245N, within the context of the full-length EpoR. These mutations were chosen based on their capacity to increase self-assembly in a bacterial ToxR reporter assay (22) . As evidenced by flow cytometry ( Figure 1A ), the majority of these mutant receptors were expressed at significantly reduced levels at the plasma membrane of the murine hematopoietic cell line BaF3. Only EpoR-T242N and EpoR-A245N showed cell surface expression comparable to wild-type EpoR or a decrease by less than 20%, respectively. To examine the subcellular localization, green fluorescent protein-(GFP-) tagged wild-type EpoR and EpoR TM domain mutants were expressed in fibroblast NIH3T3 cells ( Figure 1B ). Similar to wild-type EpoR, expression of GFPtagged EpoR mutants A245N as well as L234N, V235N, I237N, S238N, and L241N resulted in a vesicle-like localization pattern, partially colocalizing with markers for early and recycling endosomes Rab4a and Rab5a as shown for wildtype EpoR ( Figure S1 of the Supporting Information). Surprisingly, the mutant EpoR-T242N exhibited a pattern indicative of primarily endoplasmic reticulum and Golgi localization, and vesicle-like structures were not detected ( Figure 1B ) even after ligand stimulation (data not shown).
EpoR-T242N Maturation and Internalization Are Comparable to Wild-Type EpoR. To examine transport of EpoR-T242N to and removal from the cell surface, we analyzed processing and internalization kinetics of EpoR-T242N in detail. Receptor processing was determined in BaF3-EpoR and BaF3-EpoR-T242N cells that were pulse-labeled with [ samples not digested with EndoH, quantification of protein levels revealed a half-life of 36 ( 3 min for wild-type EpoR, whereas EpoR-T242N revealed a significantly longer halflife of 103 ( 11 min (mean ( SD, n ) 3). An increase in half-life is also observed for EndoH-sensitive EpoR-T242N (unglycosylated form, EndoH-digested samples), which may give rise to higher signals for total as well as EndoH-sensitive receptor protein for EpoR-T242N at all time points observed. In addition, this increased half-life of EndoH-sensitive EpoR-T242N might contribute to the prominent endoplasmic reticulum staining as observed by live cell imaging in NIH3T3 cells ( Figure 1B ). In line with comparable cell surface expression levels ( Figure 1A ), the EndoH-resistant form of both wild-type EpoR and EpoR-T242N (glycosylated form, EndoH-digested samples) showed similar protein levels and kinetics ( Figure 2A , lower panel), thereby indicating that cell surface transport of mature glycosylated receptor is comparable for these receptor variants.
Even after ligand stimulation, receptor-containing endosomes were not detectable in NIH3T3 cells expressing EpoR-T242N (data not shown). Therefore, we asked whether this mutant is able to internalize upon Epo binding. BaF3 cells expressing wild-type EpoR or EpoR-T242N were starved and subsequently incubated with [ Figure 1A ), this analysis shows that the ligand binding affinity for EpoR-T242N is not altered compared to wild-type EpoR.
Thus, although vesicle-like structures could not be detected for EpoR-T242N, this mutant is fully capable of undergoing maturation, ligand binding, and internalization with kinetics similar to that of wild-type EpoR.
Altered Subcellular Detection of EpoR TM Mutant Correlates with an Impaired Capacity To ActiVate ERK1/2 and Akt/PKB Signaling. To examine the effect of the TM domain mutations on the activation of signal transduction, we focused our studies on the analysis of EpoR-T242N and EpoR-A245N since both receptor variants showed cell surface expression comparable to wild-type EpoR but differed with respect to the detection in vesicular structures. By immunoblotting experiments, dose-dependent activation of the receptor and the associated kinase JAK2 was examined in BaF3 cells stably expressing wild-type EpoR or the mutant EpoR-T242N or EpoR-A245N. In line with metabolic labeling studies, an overall increased expression level of mutant EpoR-T242N and EpoR-A245N in comparison to wild-type EpoR was consistently detected (Figure 3 ). Whereas for wild-type EpoR and EpoR-A245N a proportional increase in EpoR and JAK2 tyrosine phosphorylation was observed, for EpoR-T242N levels of EpoR and JAK2 phosphorylation were significantly reduced even at high Epo concentrations (Figure 3 ). To investigate how impaired signal initiation through EpoR-T242N influences downstream pathways, we analyzed activation of STAT5 and extracellular signal-regulated kinases ERK1/2 as well as the protein kinase B (Akt/PKB) by quantitative immunoblotting (Figure 4) . A sigmoidal plot was fitted to five independent data sets (pSTAT5) or three data sets (pERK1, pAkt/PKB). Whereas at low Epo concentrations, STAT5 tyrosine phosphorylation was decreased in BaF3-EpoR-T242N cells compared to BaF3 cells expressing wild-type EpoR, activation of STAT5 was comparable for wild-type EpoR and EpoR-T242N at elevated Epo levels ( Figure 4A and 4B, upper panel). In general, signal transduction is not necessarily linear within a cascade of signaling molecules but may display amplification steps. This could explain the observation that STAT5 is more efficiently activated through EpoR-T242N compared to the upstream kinase JAK2 in BaF3-EpoR-T242N cells, showing saturation of STAT5 phosphorylation ( Figure 4B , upper panel) for Epo concentrations at which JAK2 ( Figure 3) is not yet saturated. Reprobing of the immunoblot showed variable levels of total STAT5 in the different cell lines. However, analyzing total STAT5 of five different data sets revealed no major difference for STAT5 levels of wild-type EpoR and EpoR-T242N (data not shown). In contrast to STAT5 activation, in EpoR-T242N expressing BaF3 cells phosphorylation of ERK1/2 as well as Akt/PKB was dramatically reduced ( Figure 4A and 4B, lower panels).
To investigate if activation of ERK1/2 and Akt/PKB through EpoR-T242N was delayed compared to wild-type EpoR, BaF3 cells expressing wild-type EpoR or EpoR-T242N were stimulated with 50 units/mL Epo for different periods up to 60 min. Quantitative analysis of activated EpoR, ERK1, and Akt/PKB was performed by plotting a smoothing spline through the mean of three independent data sets. Analysis of phosphorylation revealed peak levels for receptor as well as ERK1 and Akt/PKB for wild-type EpoR after 5-10 min of Epo stimulation ( Figure 5 ). In contrast, receptor activation as well as activation of ERK1 and Akt/ PKB in BaF3 cells expressing EpoR-T242N was delayed in comparison to wild-type EpoR, and maximum phosphorylation levels were obtained at 10 and 15 min of Epo stimulation, respectively ( Figure 5 Figure 5B, lower right panel) . Thus, signal transduction of EpoR-T242N through ERK1/2 and Akt/PKB shows delayed kinetics compared to wild-type EpoR.
Furthermore, coimmunoprecipitation experiments revealed that EpoR-T242N is capable of associating with various signaling molecules including the kinase JAK2 as well as the tyrosine phosphatase SHP-1 comparable to wild-type EpoR ( Figure S3 of the Supporting Information). Thus, the deficiency in amplification of ERK1/2 and Akt/PKB signaling by the mutant EpoR-T242N is unlikely to be caused by altered interaction with these key molecules of EpoR signaling. Figure 6A , upper panel). To determine whether the reduced capacity of EpoR-T242N to support proliferation of BaF3 cells was due to an increase in apoptosis, the fraction of apoptotic cells was analyzed as the number of annexin V-positive and 7-AAD-negative cells, and a representative overlay for day 3 is shown ( Figure 6A , lower panel). This analysis revealed that the fraction of apoptotic cells was low and remained comparable for BaF3 cells expressing wild-type EpoR and EpoR-T242N as indicated by (1.6 ( 0.5)% and (2.2 ( 0.4)% apoptotic cells, respectively. Furthermore, the defect in proliferative responses observed for BaF3-EpoR-T242N cells could not be compensated by higher Epo concentrations (refer to Figure  9B ). Thus, in line with efficient STAT5 activation, the reduction in cell numbers obtained for BaF3-EpoR-T242N cells in comparison to BaF3-EpoR cells is not due to accelerated apoptosis but to a decrease in cell proliferation.
Reduced Capacity of EpoR-T242N To Support Proliferation and
To address the consequences of inefficient signal activation for expansion and differentiation of erythroid progenitor cells, we transduced fetal liver cells from d12.5 EpoR -/-embryos to reconstitute the expression of wild-type EpoR or mutant EpoR-T242N ( Figure 6B ). As expected, mock-transduced fetal liver cells formed no CFU-E colonies, whereas expression of wild-type EpoR supported the formation of 172 ( 27 colonies. In contrast, transduction of EpoR-T242N resulted in a significantly reduced number of 72 ( 11 CFU-E colonies (p > 0.005 compared to wild-type EpoR as revealed by a two-sided unpaired Student's t test), suggesting that maximal proliferation and differentiation of erythroid progenitor cells depend on efficient activation of ERK1/2 and Akt/PKB signaling.
Thus, distinct from EpoR-A245N ( Figure S4 of the Supporting Information), EpoR-T242N is expressed at the cell surface comparable to the wild-type receptor but not detectable in vesicle-like structures and impaired in eliciting biological responses.
Molecular Modeling Shows Increased Packing Volume for Mutant EpoR Dimers.
To gain insight into molecular mechanisms underlying the severe deficiencies of EpoR- T242N, we modeled the structures of EpoR TM dimers in atomic detail in a membrane environment. The modeled structure of the wild-type EpoR TM dimer exhibited two low-energy interfaces of left-handed helix-helix pairs ( Figure 7A) . The model for the lowest energy structure I showed an interhelical distance of 12 Å and a packing volume of 16.1 nm 3 , and the second lowest energy structure II revealed an interhelical distance of 10 Å and a volume of 15.0 nm 3 ( Figure 7B ). The modeled EpoR-T242N TM dimer also exhibited two low-energy interfaces ( Figure 7A ). However, in contrast to the EpoR TM dimers the helices in both structures revealed a decrease in packing density with an interhelical distance of 14 Å and a packing volume of 17.0 and 17.1 nm 3 , respectively ( Figure 7B ). Both low-energy structures for EpoR and EpoR-T242N were found to be lefthanded helix-helix pairs with a crossing angle of 20°.
In contrast to EpoR-T242N, the EpoR TM asparagine mutants L240N, L241N, V243N, L244N , and A245N surrounding position 242, which were detectable in vesicle-like structures comparable to wild-type EpoR ( Figure 1B and Figure S5 of the Supporting Information), displayed at least one structure with high packing density of the respective TM dimers ( Figure 7B and Figures S5 and S6 of the Supporting Information). Of these L241N and A245N showed only one lowest energy structure exhibiting a particularly small interhelical distance as well as packing volume. Interestingly, these receptor variants are remarkably efficient in activating signal transduction (Figure 3 ) and eliciting biological re- Immunoblot signals were acquired using a charge-coupled device camera, and a representative immunoblot analysis is shown. (B) Phosphorylation levels of STAT5, ERK1, and Akt/PKB were analyzed by LumiImager quantification. A sigmoidal curve was fitted through arbitrary units representing five independent data sets (pSTAT5) or three independent data sets (pERK1, pAkt).
FIGURE 5: Kinetic analysis of ERK and Akt/PKB activation through EpoR-T242N. (A) BaF3 cells stably expressing HA-tagged wild-type
EpoR or EpoR-T242N were stimulated with 50 units/mL Epo for different periods up to 60 min. The cellular lysates (CL) were immunoblotted (IB) with anti-phospho-Akt, anti-phospho-ERK, anti-Akt, and anti-ERK antibodies. The rest of the lysate was subjected to immunoprecipitation (IP) with anti-EpoR antibodies. The immunoprecipitates were analyzed with anti-phosphotyrosine (pTyr) and anti-EpoR antibodies. Immunoblot signals were acquired using a charge-coupled device camera, and a representative immunoblot analysis is shown. (B) Phosphorylation levels of EpoR, ERK1, and Akt/PKB were analyzed by LumiImager quantification of the respective immunoblots. A smoothing spline was plotted through the mean of arbitrary units of three independent data sets.
sponses (22) (Figure S4 of the Supporting Information) despite severely or slightly reduced cell surface expression of EpoR-L241N and EpoR-A245N, respectively ( Figure 1A) .
Correlating Packing Density of the EpoR TM Domain with Amplification of Signaling. To design additional mutants with an increased or decreased interhelical distance compared to wild-type EpoR, we applied the molecular model focusing on T242 in the EpoR TM domain. Comparable to asparagine, glutamine is a strong hydrogen donor and acceptor whereas alanine represents an apolar residue. Molecular modeling of the respective EpoR TM mutants EpoR-T242Q and EpoR-T242A revealed one low-energy structure each. The EpoR-T242Q TM dimer exhibited an interhelical distance of 14 Å and a packing volume of 17.0 nm 3 ( Figure 8A and Figure   S6 of the Supporting Information) equal to the EpoR-T242N TM dimer, while the EpoR-T242A TM dimer displayed an interhelical distance of 10 Å and a packing volume of 15.6 nm 3 . Flow cytometry analysis showed decreased levels of cell surface expression for EpoR-T242Q but similar levels for EpoR-T242A in comparison to wild-type EpoR ( Figure 8B) . Examination of the subcellular localization of GFP-tagged EpoR-T242Q and EpoR-T242A in NIH3T3 cells revealed that whereas vesicle-like structures were detectable for EpoR-T242A similar to wild-type EpoR, these structures were absent in EpoR-T242Q expressing cells ( Figure 8C ) resembling EpoR-T242N.
The activation of signaling pathways by EpoR-T242Q and EpoR-T242A was examined in BaF3 cells. Comparable to EpoR-T242N, receptor activation as well as phosphorylation of ERK1/2 and Akt/PKB through EpoR-T242Q was dramatically reduced, whereas activation of STAT5 at elevated Epo levels was similar to that of wild-type EpoR ( Figure  9A ). Though cell surface expression of EpoR-T242Q was reduced relative to wild-type EpoR (Figure 8B ), this cannot entirely account for inefficient signaling since EpoR-L241N, which is expressed at the plasma membrane to similar levels FIGURE 6: Proliferation and differentiation analysis of cells expressing EpoR-T242N. (A) BaF3 cells stably expressing HA-tagged wildtype EpoR or EpoR-T242N were cultivated for 3 days in 1 unit/ mL Epo. Cell numbers were determined each day (mean ( SD, n ) 3). As control, cells cultivated in 5% IL-3 conditioned medium counted in parallel displayed equal cell numbers (data not shown) (upper panel). BaF3 cells taken from cultures described above were stained with annexin V-PE and 7-AAD. Representative results are displayed for 3 days of cultivation as an overlay gated on 7-AAD negative cells, and the fraction of apoptotic cells is given as the percentage of annexin V positive cells (mean ( SD, n ) 3) (lower panel). (B) For reconstitution of EpoR -/-CFU-E colonies, fetal liver cells from d12.5 EpoR -/-mice were transduced with HAtagged wild-type EpoR or EpoR-T242N, grown for 2 days, and stained with benzidine. Mock-transduced cells were taken as control. Dark blue colonies larger than eight cells/colony were counted as CFU-E colonies, and their number was determined for two cell pools and expressed as mean ( SD (n ) 3). as EpoR-T242Q, is nevertheless capable of mediating efficient signaling at elevated Epo levels (22) . Interestingly and in line with dense TM helix packing, at low ligand concentrations of 1 unit/mL Epo, receptor activation and phosphorylation of STAT5, ERK1/2, and Akt/PKB were more pronounced in BaF3 cells expressing EpoR-T242A compared to wild-type EpoR expressing cells ( Figure 9A ).
Correlating Packing Volume of the EpoR TM Domain with
Biological ResponsiVeness. To investigate the effect of altered packing density of the EpoR TM domain on biological responses, we analyzed Epo-dependent proliferation of BaF3 cells expressing GFP-tagged EpoR variants. Whereas BaF3-EpoR-T242N and BaF3-EpoR-T242Q cells exhibited a dramatically reduced cell number compared to wild-type receptor expressing BaF3 cells ( Figure 9B ), interestingly BaF3-EpoR-T242A cells showed significantly better proliferative capacities at lower ligand concentrations of 0.1 and 0.5 unit/mL Epo as revealed by a two-sided unpaired Student's t test ( Figure 9B) . Furthermore, the capacity to support proliferation and differentiation of erythroid progenitor cells was examined by expressing GFP-tagged EpoR variants in fetal liver cells from EpoR -/-embryos. As expected, mock-transduced fetal liver cells formed no CFU-E colonies ( Figure 9C ), whereas transduction of wild-type EpoR resulted in the formation of 48 ( 6 colonies. In contrast, reconstitution with EpoR-T242N or EpoR-T242Q revealed reduced numbers of 28 ( 5 or 30 ( 6 CFU-E colonies, respectively. Remarkably, expression of the mutant EpoR-T242A resulted in a significantly increased number of 61 ( 5 CFU-E colonies. Statistical relevance was confirmed by a two-sided unpaired Student's t test ( Figure  9C ). Thus, compared to wild-type EpoR decreased packing density of the TM domain correlates with reduced capacities to support biological responses whereas tighter packing density is linked to enhanced responsiveness.
DISCUSSION
In this study, we demonstrated that dense packing of the EpoR TM domain promotes ligand-dependent responses of erythroid progenitor cells. Moreover, we could show that modulating the packing density of the TM helices allows for selective amplification of signaling cascades emanating from the EpoR and influences specific cellular decisions.
Determinants and motifs that regulate the assembly of TM helices have been assessed by several experimental approaches (28) . By applying the ToxR assay, which is based upon insertion of chimeric proteins into the inner bacterial membrane, it has been shown that the EpoR TM possesses a strong capacity to self-interact (11) . This ability contributes to maximal signaling responses (11) and can be enhanced by substitution of asparagine residues at specific positions (22) . The experimental setup of the ToxR assay permitted determination of the region being most important for selfinteraction of the TM domain. Unexpectedly, analysis of EpoR TM mutants in the context of the full-length receptor showing the highest tendency of self-assembly in the ToxR assay revealed no evidence for constitutive receptor activation (data not shown) (22) . However, in this context the insertion of bulky side chains such as asparagine is likely to introduce structural changes of the TM helix that might prevent efficient signaling. Therefore, molecular modeling of TM domain interactions is essential to predict functional implications of mutations within the TM domain and to gain a deeper insight into the relationship of the TM domain structure and the onset of signaling of dimeric cell surface receptors.
So far, structural data on full-length signaling receptors are unavailable. Therefore, we believe that a modeling approach is helpful to gain further insight into initial signaling events at the receptor level. Thus, to determine the effect of mutations on the structure of the EpoR TM domain dimer, we applied an implicit five-slab membrane model (16) that allows exposure of OH groups on the molecular surface of a helix dimer. In line with our model that identifies L226 or I227 as residues lining the two low-energy interfaces of the wild-type EpoR TM dimer, recent evidence showed that independent replacement of these two residues by cysteine results in constitutively active EpoR receptor variants (29, 30) . Additionally, the two interfaces of the wild-type EpoR TM dimer we identified by all-atom modeling were both reported to be functionally active in biological assays applying receptor variants in which the extracellular domain of the EpoR has been substituted by a coiled-coil Put3 domain (15) . This finding implies a model for EpoR activation in which binding of the ligand may stabilize the dynamic interaction of energetically favorable receptor dimers and thereby kinetically enable the initiation of signal transduction. Modeling in vacuum by Seubert et al. (15) identified two clusters that have been proposed to correspond to a functionally active as well as inactive interface. The discrepancy to our results could be due to the difference in considering the membrane environment as we include in our five-slab model. Currently, structural data for the EpoR are only available for the extracellular domain based on crystallographic analysis (7) . Values of 73 Å for free receptor and 39 Å for ligand-occupied receptor indicated by Livnah et al. (7) reflect the distance of subdomains in the extracellular domain close to the cell membrane but not specifically the TM domain of the EpoR and therefore do not necessarily contradict the distances observed in our modeling approach.
Further molecular modeling analysis revealed a decreased packing density of the TM helices of EpoR-T242N as well as EpoR-T242Q. In contrast, the mutant EpoR-T242A showed increased packing density of its TM domain compared to the lowest energy structure of the wild-type EpoR TM dimer. In addition to a decreased packing density of the EpoR-T242N TM dimers, the helices of the lowest energy structure are hydrogen-bonded by asparagine. Besides glutamine, glutamic acid, and aspartic acid, inclusion of asparagine in TM helices can promote strong interhelical association (31) . Interhelical hydrogen bonding of the EpoR-T242N TM dimer in our model suggests that the effects detected in the ToxR assay may reflect a stabilization of the dimeric form of the EpoR-T242N.
The mutant EpoR-T242N reveals processing and internalization kinetics comparable to wild-type EpoR, although vesicle-like structures including receptor-positive endosomes were not detectable by live cell imaging for EpoR-T242N and EpoR-T242Q in contrast to wild-type EpoR as well as EpoR-T242A. Since internalization rates show no difference for wild-type EpoR and EpoR-T242N, it is unlikely that endosomal signaling is a major cause of impaired signaling through EpoR-T242N, and we have no evidence that wildtype EpoR colocalizing with endosomal markers correlates with the activated form of the receptor. Since previous reports indicatedthattheEpoRcanformdimersandoligomers(12,32,33), we speculate that dynamic formation of oligomeric structures facilitates the detection of fluorescently tagged EpoR in transport vesicles, whereas oligomerization of EpoR-T242N is impaired and vesicle-like structures are no longer detectable. Previously, it was suggested that clustering of the EpoR after dimethyl sulfoxide pretreatment mediates amplification of biological responsiveness in erythroleukemia cells (34) . Since it has been shown that dimethyl sulfoxide changes the structure of the lipid bilayer (35) , this treatment could promote higher order oligomerization mediated by dynamic interaction of the EpoR TM domain. Cross-linking studies with [ 125 I]-Epo have not revealed clear evidence for higher oligomeric structures (36, 37) , but this could be due to the choice of the cross-linker and low levels of EpoR at the cell surface.
Signaling through the EpoR promotes proliferation, survival, and differentiation of erythroid progenitor cells (10) . Based on in ViVo mouse experiments it has been proposed that STAT5 controls survival of erythroid cells (38, 39) . We observe that EpoR-T242N efficiently activates STAT5 and promotes survival of the hematopoietic cell line BaF3 despite reduced levels of receptor activation. In accordance with these results, analysis of EpoR activation by the erythropoiesis-stimulating protein NESP (darbepoetin alfa) showed that STAT5 activation is robust even at suboptimal levels of receptor phosphorylation (40) . Despite STAT5 activation, both EpoR-T242N and EpoR-T242Q are strongly impaired in activating ERK1 and Akt/PKB, key components of the ( SD, n ) 3). Significance was calculated with a two-sided unpaired Student's t test comparing wild-type EpoR and EpoR-T242A (*, p < 0.05; **, p < 0.01). (C) For reconstitution of EpoR -/-CFU-E colonies, fetal liver cells isolated from d12.5 EpoR -/-mice were transduced with GFP-tagged wild-type HA-EpoR or HA-EpoR mutants, and mock-transduced cells were taken as control. Cells were grown for 2 days and stained with benzidine. Dark blue colonies larger than eight cells/colony were counted as CFU-E colonies, and their number was determined for two cell pools and expressed as mean ( SD (n ) 3). Significance was calculated with a two-sided unpaired Student's t test comparing EpoR TM domain mutants with wild-type EpoR (*, p < 0.05; **, p < 0.01).
MAPK and PI3K signaling cascades, respectively. This directly correlates with reduced proliferative and differentiation capacities of these mutant receptor variants in erythroid progenitors. Furthermore, recent studies show that STAT5 regulates iron uptake of erythroid cells through control of transferrin receptor 1 transcription (41, 42) . Accordingly and in line with comparable STAT5 activation by wild-type EpoR and EpoR-T242N, CFU-E colonies although formed to a lesser extent showed no visible reduction of benzidine-stained hemoglobin for EpoR-T242N compared to wild-type EpoR (data not shown). Since cell surface expression, half-life of the mature cell surface form, and internalization rates are comparable for wild-type EpoR and EpoR-T242N, packing density of the TM is the major difference correlating with impaired signaling through ERK1/2 and Akt/PKB and therefore with impaired biological responsiveness. However, further structural changes might be additionally introduced when replacing threonine by other amino acids such as asparagine, glutamine, or alanine.
In contrast, the mutant EpoR-T242A exhibits a higher packing density of the TM dimers and shows enhanced activation of the receptor as well as of the ERK1/2 and Akt/ PKB at low levels of Epo stimulation. This hypersensitivity to ligand stimulation results in a higher biological responsiveness compared to wild-type EpoR as revealed by the capacity to support the formation of erythroid progenitor cells at the CFU-E stage. Epo-mediated PI3K signaling has been shown to promote maturation of erythroid progenitor cells (43) , and activation of Akt/PKB signaling has been furthermore linked to tissue-protective effects of Epo in neuronal cells (44) . By exploiting the predictive power of our molecular modeling approach, we could show that elevated packing density of the EpoR TM domain translates to increased potency to drive proliferation and differentiation at low levels of ligand concentration. Thus, we report a murine EpoR mutant based on a single amino acid substitution that is still Epo-dependent but shows enhanced biological responsiveness compared to the wild-type receptor at low Epo levels. In human primary polycythemia, mutations of the EpoR gene affecting a single residue are rather rare (45) . Instead, a defect on the level of receptor signaling is most commonly related to frameshift mutations leading to truncatedreceptorsunabletoassociatewithnegativeregulators (46) (47) (48) (49) .
The amino acid sequence corresponding to L240-A245 of the murine EpoR is conserved in different mammalian species but, interestingly, with the exception of the threonine residue. Unlike murine, rat, and human EpoR, the sequence of the TM domain of dog, pig, sheep, bovine, and zebu exhibits an alanine residue instead ( Figure 10 ). We speculate that the natural occurrence of alanine in the EpoR TM domain of this phylogenetically distinct group of mammalian species (50) might constitute a level to regulate the extent of erythropoiesis especially at low steady-state levels of in ViVo Epo stimulation or a high demand of erythrocyte renewal.
In conclusion, we could show that a high packing density of the EpoR TM domain facilitates selective amplification of signaling pathways as well as biological responses. This concept may be applicable to other cytokine receptors that have been reported to form preformed dimers. To our knowledge, this is the first report of a mutation resulting not in a constitutively active but in a signaling-optimized cytokine receptor solely based on a single amino acid substitution. In analogy to the computational selection of synthetic peptides for intervention of integrin signaling (17) , the establishment of a molecular model that successfully permits the correlation of TM domain packing density with biological responsiveness provides an important tool for the rational design of therapeutic components targeting hematological disorders.
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